The aim of this investigation was to test the hypothesis that extracellular guanosine regulates extracellular adenosine levels. Rat preglomerular vascular smooth muscle cells were incubated with adenosine, guanosine, or both. Guanosine (30 mol/l) per se had little effect on extracellular adenosine levels. Extracellular adenosine levels 1 h after addition of adenosine (3 mol/l) were 0.125 Ϯ 0.020 mol/l, indicating rapid disposition of extracellular adenosine. Extracellular adenosine levels 1 h after addition of adenosine (3 mol/l) plus guanosine (30 mol/l) were 1.173 Ϯ 0.061 mol/l, indicating slow disposition of extracellular adenosine. Cell injury increased extracellular levels of endogenous adenosine and guanosine, and the effects of cell injury on endogenous extracellular adenosine were modulated by altering the levels of endogenous extracellular guanosine with exogenous purine nucleoside phosphorylase (converts guanosine to guanine) or 8-aminoguanosine (inhibits purine nucleoside phosphorylase). Extracellular guanosine also slowed the disposition of extracellular adenosine in rat preglomerular vascular endothelial cells, mesangial cells, cardiac fibroblasts, and kidney epithelial cells and in human aortic and coronary artery vascular smooth muscle cells and coronary artery endothelial cells. The effects of guanosine on adenosine levels were not mimicked or attenuated by 5-iodotubericidin (adenosine kinase inhibitor), erythro-9-(2-hydroxy-3-nonyl)-adenine (adenosine deaminase inhibitor), 5-aminoimidazole-4-carboxamide (guanine deaminase inhibitor), aristeromycin (S-adenosylhomocysteine hydrolase inhibitor), low sodium (inhibits concentrative nucleoside transporters), S-(4-nitrobenzyl)Ϫ6-thioinosine [inhibits equilibrative nucleoside transporter (ENT) type 1], zidovudine (inhibits ENT type 2), or acadesine (known modulator of adenosine levels). Guanosine also increases extracellular inosine, uridine, thymidine, and cytidine, yet decreases extracellular uric acid. In conclusion, extracellular guanosine regulates extracellular adenosine levels.
guanosine; guanosine 5=-monophosphate; adenosine; adenosine 5=-monophosphate; purine nucleoside phosphorylase ADENOSINE IS FORMED in the extracellular compartment, activates multiple cell surface receptors, and thereby regulates cellular function (31) . Because adenosine and guanosine are structurally very similar, it seems likely that evolution also would utilize guanosine as a signaling molecule. Indeed, many of the same stimuli that increase extracellular adenosine also increase extracellular guanosine (53) . However, there is only limited evidence for cell surface receptors for guanosine (85) and it remains unclear as to whether such receptors exist (84) . We hypothesize, therefore, that guanosine functions as a significant extracellular signaling molecule without the need for guanosine receptors. Specifically, we hypothesized that extracellular guanosine is a critically important physiological regulator of extracellular adenosine levels and that extracellular guanosine regulates extracellular adenosine by interfering with the disposition of extracellular adenosine. The purpose of the experiments described in this report was to address this hypothesis. 1 
METHODS
Chemicals. Adenosine, guanosine, guanosine 5=-monophosphate (GMP), guanosine 3=,5=-cyclic monophosphate (cGMP), ␣,␤-methylene-adenosine-5=-diphosphate (AMPCP), iodoacetate, 5-iodotubericidin, erythro-9-(2-hydroxy-3-nonyl)-adenine (EHNA), acadesine, 5-aminoimidazole-4-carboxamide (AIC), aristeromycin, S-(4-nitrobenzyl)-6-thioinosine (NBMPR), zidovudine (AZT), uridine, thymidine, cytosine, and purine nucleoside phosphorylase (PNP) were from Sigma-Aldrich (St. Louis, MO). 8-Aminoguanosine and pentostatin were from Toronto Research Chemicals (North York, Ontario, Canada).
Cell culture. Rat preglomerular vascular smooth muscle cells (64) , rat preglomerular vascular endothelial cells (8, 26) , rat glomerular mesangial cells (40) , and rat cardiac fibroblasts (15) were cultured from kidneys and hearts harvested from male Wistar-Kyoto rats (Taconic Farms, Germantown, NY) as previously described in detail (see references). The University of Pittsburgh Institutional Animal Care and Use Committee approved all procedures. Rat mixed renal epithelial cells were purchased from Cell Biologics (Chicago, IL). Human aortic vascular smooth muscle cells, human coronary artery smooth muscle cells, and human coronary artery endothelial cells were obtained from Lonza (Allendale, NJ).
Real-time PCR for equilibrative (ENTs) and concentrative (CNTs) nucleoside transporters. RNA was isolated (TRIzol reagent; Life Technologies), and cDNA was synthesized using iScript cDNA synthesis kit (Bio-Rad). Rat ENT1 primers were as follows: forward, 5=-ggcttcttcacctctgttgc-3=; reverse, 5=-ttgagctgcaggtaatgtcg-3=; 167 bp amplification product. Rat ENT2 primers were as follows: forward, 5=-ctgctcttcaacgtcatgga-3=; reverse, 5=-atcctgccagaagatgatgg-3=; 177 bp amplification product. Rat CNT1 primers were as follows: forward, 5=-acgctcagaacctcttggaa-3=; reverse, 5=-ggacgtaggagcagatgagc-3=; 186 bp amplification product. Rat CNT2 primers were as follows: forward, 5=-ggtgcctgtgtttccttcat-3=; reverse, 5=-ctgaggctggactccttgtc-3=; 218 bp amplification product. Rat CNT3 primers were as follows: forward, 5=-gattgcagcctgtgcactaa-3=; reverse, 5=-gaatgaccgccaagatcagt-3=; 209 bp amplification product. ␤-actin primers were as follows: forward, 5=-actcttccagccttccttc-3=; reverse, 5=-atctccttctgcatcctgtc-3=; 171 bp amplification product. Real-time polymerase chain reaction (PCR) analysis was performed using SYBR Green PCR Master Mix (Applied Biosystems; Foster City, CA) in the AB 7300 Real-Time PCR System (Applied Biosystems). Threshold cycle (Ct) for ␤-actin was subtracted from Ct for target to calculate 2 ⌬Ct . General protocol. Experiments were performed in confluent cells (passage number between 2 and 5) in 24-well plates under standard cell culture conditions. On the day of study, cells were washed twice with 1 ml of phosphate-buffered saline and then incubated for 1 h with 0.5 ml of phosphate-buffered saline containing the indicated treatments. After the 1-h incubation, the medium was collected and frozen (Ϫ80°C) for later analysis of adenosine or guanosine as described below.
Analytical method for purines. Samples were injected onto an Agilent Zorbax eclipse XDB-C-18 column (3.5 m beads; 2.1 ϫ 100 mm) and quantified using a triple quadrupole mass spectrometer (TSQ Quantum-Ultra, ThermoFisher Scientific, San Jose, CA) operating in the selected reaction monitoring mode with a heated electrospray ionization source. The mobile phase, which was delivered by an ultra pressure liquid chromatographic system (Accela, ThermoFisher Scientific, San Jose, CA) at 300 l/min, was a linear gradient of buffer A (0.1% formic acid in water) and buffer B (0.1% formic acid in methanol). The gradient (A/B) was as follows: 0 to 2 min, 98.5%/ 1.5%; 2 to 4 min, to 98%/2%; 5 to 6 min, to 92%/8%; 7 to 8 min, to 85%/15%; 9 to 11.5 min, to 98.5%/1.5%. Sample tray temperature was set at 4°C, and the column temperature was kept at 20°C. Instrument parameters were as follows: ion spray voltage, 3.8 kV; ion transfer tube temperature, 270°C; source vaporization temperature, 220°C; Q2 CID gas, argon at 1.5 mTorr; sheath gas, nitrogen at 50 psi; auxiliary gas, nitrogen at 40 psi; Q1/Q3 width, 0.7/0.7 units full-width half-maximum; source CID, off; scan width, 0.5 units; scan time, 0.05 s; tube lens offset, 123 V. Mass transitions were: adenosine, 268¡136; 13 C10-adenosine (internal standard), 278¡141; inosine, 269¡137; 3=,5=-cAMP, 330¡136; guanosine, 284¡152; uridine, 245¡113; cytidine, 244¡112; thymidine, 243¡127; hypoxanthine, 137¡69; xanthine, 153¡136; uric acid, 169¡141.
Statistical analyses. Statistical analysis was performed with Student's unpaired t-test or by 1-factor or 2-factor analysis of variance (ANOVA) with post hoc comparisons using a Fisher's least significant difference (LSD) test. The criterion of significance was P Ͻ 0.05. All values in text and figures are means Ϯ SE.
RESULTS
Extracellular guanosine inhibits adenosine disposition in rat preglomerular vascular smooth muscle cells. Rat preglomerular vascular smooth muscle cells were incubated for 1 h with no treatments, with exogenous adenosine only (0.3, 1 or 3 mol/l), with exogenous guanosine only (10 or 30 mol/l), or with combinations of adenosine plus guanosine. As shown in Fig. 1A , in the absence of added adenosine, guanosine at 10 and 30 mol/l had little, if any, effect on extracellular levels of adenosine, indicating little, if any, direct effect of guanosine on adenosine production or release. However, when exogenous adenosine was added to the medium, guanosine now caused a concentration-related increase in extracellular adenosine levels. In this regard, the ability of a given concentration of guanosine to enhance extracellular adenosine levels was proportional to the concentration of added adenosine, thus giving rise to a highly statistically significant (P Ͻ 0.000001) interaction between guanosine and adenosine. In cells in which extracellular adenosine was not added to the medium, extracellular adenosine levels were near or below the detection limit (ϳ0.0002 mol/l) of our assay. One hour after addition of 3 mol/l of exogenous adenosine, adenosine levels were low (0.125 Ϯ 0.020 mol/l), indicating rapid and near complete (96%) disposition of extracellular adenosine by a monolayer of cells in culture. In the presence of 30 mol/l of guanosine per se, extracellular adenosine levels remained very low (0.077 Ϯ 0.008 mol/l). However, extracellular adenosine levels 1 h after addition of . B: rat preglomerular vascular smooth muscle cells were incubated with adenosine (3 mol/l) for 1 h in the absence (control) or presence of guanosine (30 mol/l), guanosine 5=-monophosphate (GMP; 30 mol/l), or GMP plus ␣,␤-methylene-adenosine-5=-diphosphate (AMPCP; 100 mol/l). For A and B, the medium was assayed for adenosine by mass spectrometry. Values represent means Ϯ SE. ϽDL, less than detection limit. adenosine (3 mol/l) plus guanosine (30 mol/l) were 1.173 Ϯ 0.061 mol/l, indicating slow and incomplete (61%) disposition of extracellular adenosine. Thus these experiments confirm that guanosine significantly inhibits the disposition of extracellular adenosine. Extracellular GMP inhibits extracellular adenosine disposition in rat preglomerular vascular smooth muscle cells via conversion to guanosine. Because extracellular GMP can be metabolized to guanosine via ecto-5=-nucleotidase (72) , extracellular GMP should mimic the effects of guanosine. To test this, rat preglomerular vascular smooth muscle cells were incubated with adenosine (3 mol/l) for 1 h in the absence or presence of guanosine (30 mol/l), GMP (30 mol/l), or GMP plus AMPCP [100 mol/l; inhibitor of ecto-5=-nucleotidase (99)]. As illustrated in Fig. 1B , GMP, like guanosine, increased extracellular adenosine levels. This effect was likely mediated by conversion of GMP to guanosine because GMP was less effective than guanosine and inhibition of ecto-5=-nucleotidase abolished the ability of GMP to elevate extracellular adenosine.
Extracellular guanine does not affect extracellular adenosine disposition in rat preglomerular vascular smooth muscle cells. It is conceivable that extracellular guanosine inhibits extracellular adenosine disposition via conversion to extracellular guanine by an ecto-purine nucleoside phosphorylase (71) . To test this, rat preglomerular vascular smooth muscle cells were incubated with adenosine (3 mol/l) for 1 h in the absence or presence of guanosine (30 mol/l) and either without or with 8-aminoguanosine [30 mol/l; purine nucleoside phosphorylase inhibitor (82)]. As depicted in Fig. 2A 2B). Thus, it can be concluded that guanosine, not guanine, regulates extracellular adenosine.
Extracellular guanosine, GMP, and cGMP inhibit the disposition of AMP-derived extracellular adenosine in rat preglomerular vascular smooth muscle cells. Extracellular nucleotides are an important source of extracellular adenosine (31) . Thus, extracellular guanosine and GMP should inhibit the disposition of extracellular adenosine that is derived from the metabolism of extracellular AMP to extracellular adenosine. Because ecto-phosphodiesterase can metabolize extracellular cyclic nucleotides (42) , cGMP may also affect extracellular adenosine levels by its conversion to GMP and hence to guanosine. To test these hypotheses, rat preglomerular vascular smooth muscle cells were incubated without or with AMP (10 mol/l) for 1 h in the absence or presence of guanosine, GMP, or cGMP (10 and 30 mol/l). Exogenous guanosine, GMP, and cGMP per se had little, if any, effect on extracellular adenosine levels ( Fig. 3, A, B , and C, respectively). In contrast, in the presence of added AMP, exogenous guanosine, GMP, and cGMP increased extracellular adenosine levels (Fig. 3, A, B , and C, respectively), as evidenced by a highly significant statistical interaction between guanosine and AMP (P Ͻ 0.000001), GMP and AMP (P Ͻ 0.000001), and cGMP and AMP (P Ͻ 0.000001). Consistent with cGMP ¡ GMP ¡ guanosine ¡ inhibition of extracellular adenosine disposition, the rank order potency was guanosine Ͼ GMP Ͼ cGMP. Consistent with AMP ¡ adenosine, when extracellular adenosine levels in the absence of guanosine were approximately the same in the presence of exogenous AMP (10 mol/l) and adenosine (3 mol/l), the increases in extracellular adenosine by exogenous guanosine were nearly identical (Fig. 4A ). Also consistent with AMP ¡ adenosine and GMP ¡ guanosine, in the presence of AMPCP (100 mol/l) to block ecto-5=-nucleotidase, GMP (10 and 30 mol/l) did not affect extracellular adenosine when incubated with exogenous AMP (10 mol/l) (Fig. 4B) .
Endogenous extracellular guanosine inhibits the disposition of endogenous extracellular adenosine in rat preglomerular vascular smooth muscle cells. To test the concept that the endogenous extracellular guanosine regulates the disposition of endogenous extracellular adenosine, rat preglomerular vascular smooth muscle cells were incubated for 1 h in the absence and presence of a iodoacetate [50 mol/l; metabolic toxin (62) ] to induce cellular injury, and without or with either 8-aminoguanosine (30 mol/l) or purine nucleoside phosphorylase (1 U/ml) to block or accelerate, respectively, the metabolism of guanosine. Iodoacetate increased both extracellular levels of guanosine ( Fig. 5A ) and adenosine (Fig. 5B ). 8-Aminoguanosine (blocks guanosine metabolism) enhanced the ability of iodoacetate to elevate both extracellular guanosine ( Fig. 5C ) and adenosine (Fig. 5D ). Addition of PNP [metabolizes guanosine but not adenosine (28, 78) ] abolished iodoacetateinduced extracellular guanosine ( Fig. 5E ) and nearly abolished iodoacetate-induced extracellular adenosine (Fig. 5F ). Moreover, as shown in Fig. 6 , cell injury with iodoacetate significantly increased extracellular guanosine ( Fig. 6A ), had only a small effect on extracellular uridine (Fig. 6B) , and had no effect on extracellular cytidine (Fig. 6C) or thymidine (Fig.  6D ). These results imply that cell injury releases primarily guanosine, but releases less uridine, cytidine, and thymidine and that endogenously released guanosine regulates extracellular adenosine levels.
Extracellular guanosine inhibits adenosine disposition in many cell types. To determine whether extracellular guanosine regulates extracellular adenosine disposition in many cell types, we examined the ability of a wide range of concentrations of exogenous guanosine (0.3 to 300 mol/l) to increase extracellular adenosine levels when incubated with added adenosine (3 mol/l). Guanosine concentration-dependently increased extracellular adenosine levels in rat preglomerular vascular smooth muscle cells (Fig. 7A ), rat preglomerular vascular endothelial cells (Fig. 7B ), rat glomerular mesangial cells (Fig. 7C ), rat cardiac fibroblasts (Fig. 7D ), rat renal epithelial cells (Fig. 7E ), human aortic vascular smooth muscle cells (Fig. 7F ), human coronary artery smooth muscle cells (Fig. 7G) , and human coronary artery endothelial cells (Fig. 7H) .
Mechanism by which extracellular guanosine inhibits adenosine disposition. Two major enzymes involved in adenosine disposition are adenosine kinase and adenosine deaminase (16) . Therefore we examined in rat preglomerular vascular smooth muscle cells the role of these enzymes in mediating the effects of guanosine on adenosine levels. Neither administration of 5-iodotubericidin [adenosine kinase inhibitor (80, 87, 88) ; 0.1 mol/l; adenosine. Moreover, neither 5-iodotubericidin ( Fig. 8A ) nor erythro-9-(2-hydroxy-3-nonyl)-adenine ( Fig. 8B ) nor 5-iodotubericidin plus erythro-9-(2-hydroxy-3-nonyl)-adenine ( Fig. 8C ) attenuated the ability of guanosine to increase adenosine levels in the presence of added adenosine. The equilibrative nucleoside transporters types 1 and 2 (ENT1 and ENT2) and concentrative nucleoside transporters types 1, 2, and 3 (CNT1, CNT2, and CNT3) mediate in part the transport of adenosine across cell membranes (29, 94) , and ENT1 in particularly is highly expressed in many cell types and importantly mediates transport of adenosine across cell membranes (30) . Therefore we examined in rat preglomerular vascular smooth muscle cells the relative expression of mRNAs for ENT1, ENT2, CNT1, CNT2, and CNT3 using quantitative real-time PCR. CNT3 mRNA was not detectable, and ENT1 was the most highly expressed. The expression of ENT2, CNT1, and CNT2 expressed as a percentage of ENT1 expression was as follows: 60.9 Ϯ 7.5%, 3.8 Ϯ 0.1%, and 6.1 Ϯ 0.6%. Because the expression of ENT1 was greater than the expression of the other nucleoside transporters, we examined in rat preglomerular vascular smooth muscle cells the role of ENT1 in mediating the effects of guanosine on adenosine levels. S-(4-nitrobenzyl)-6-thioinosine [potent inhibitor of rat ENT1 (94); 10 mol/l; Fig.   8D ] neither mimicked the efficacy of guanosine nor attenuated the efficacy of guanosine with regard to increasing adenosine levels in the presence of added adenosine. Also, simultaneous inhibition of adenosine kinase, adenosine deaminase, and ENT1 not only did not mimic the efficacy of guanosine, this combination actually enhanced the efficacy of guanosine to increase adenosine levels in the presence of added adenosine (Fig. 9A) .
The enzyme S-adenosylhomocysteine hydrolase can also metabolize adenosine (12, 13, 49, 73) . Therefore we examined in rat preglomerular vascular smooth muscle cells the role of this enzyme in mediating the effects of guanosine on adenosine levels. However, aristeromycin [inhibitor of S-adenosylhomocysteine hydrolase (1, 9, 11, 36, 41); 10 mol/l; Fig. 9B ] neither mimicked the efficacy of guanosine nor attenuated the efficacy of guanosine with regard to increasing adenosine levels in the presence of added adenosine.
Next, we entertained the possibility that adenosine and guanosine could interact at the level of guanine deaminase (48) . Therefore we examined in rat preglomerular vascular smooth muscle cells the role of this enzyme in mediating the effects of guanosine on adenosine levels. 5-Aminoimidazole-4-carboxamide [inhibitor of guanine deaminase (35) ; 100 mol/l; Fig. 9C ] did not mimic nor attenuate the efficacy of guanosine with regard to increasing adenosine levels in the presence of added adenosine. Acadesine is well known to modulate adenosine levels by multiple mechanisms (20, 65) . Therefore we examined in rat preglomerular vascular smooth muscle cells whether acadesine alters the effects of guanosine on adenosine levels. Acadesine (100 mol/l; Fig. 9D ) did not mimic nor attenuate the efficacy of guanosine with regard to increasing adenosine levels in the presence of added adenosine.
In the course of our mechanistic studies, we also examined the effects of pentostatin (2=-deoxycoformycin; 300 mol/l), which, like erythro-9-(2-hydroxy-3-nonyl)-adenine, is an adenosine deaminase inhibitor (60, 79, 83) , on the efficacy of guanosine to increase adenosine levels. Pentostatin not only mimicked the effects of guanosine, but guanosine was unable to further increase adenosine levels in the presence of pentostatin (Fig. 10A) . Although this supported a role for adenosine deaminase, this conclusion could not be reconciled with the lack of effects of erythro-9-(2-hydroxy-3-nonyl)-adenine. We hypothesized therefore that pentostatin, because it has a structure similar to guanosine, might have inhibited adenosine transport by one or more concentrative nucleoside transporters (CNTs) and that inhibition by CNTs by guanosine and pentostatin was the commonality shared by these compounds. However, replacement of sodium chloride in the phosphate-buffered saline [CNTs are sodium-dependent transporters (29) ] with N-methyl-D-glucamine neither mimicked the efficacy of guanosine nor attenuated the efficacy of guanosine with regard to increasing adenosine levels in the presence of added adenosine (Fig. 10B) . Moreover, guanosine increased inosine levels in both normal and low-sodium buffer (Fig. 10C) , a finding that ruled out any involvement of inhibition of the transformation of adenosine to inosine (i.e., adenosine deaminase activity) in the ability of guanosine to elevate adenosine levels.
The experiments described above ruled out all known enzymes that metabolize adenosine and seemed to rule out CNTs and ENT1. Although equilibrative nucleoside transporter type 3 (ENT3) exists, ENT3 is an intracellular protein and most likely not involved in the transport of adenosine across cell membranes (3). There are reports of yet another equilibrative nucleoside transporter called ENT4 (also called PMAT); however, this transporter has limited ability to transport nucleosides (19) and functions only at acidic pHs (4) (our experiments were performed at pH 7.4). So the only remaining candidate mechanism by which guanosine might regulate adenosine disposition appeared to be inhibition of ENT2. Although rat ENT2 is known to be insensitive to S-(4-nitrobenzyl)-6-thioinosine (94), rat ENT2 does transport AZT, even at levels in the low mol/l range (95). Therefore we examined the ability of AZT at an extremely high concentration (2 mmol/l; higher concentrations were toxic and caused cells to detach) to mimic and inhibit the effects of guanosine. AZT did not mimic the efficacy of guanosine nor did AZT attenuate the efficacy of guanosine with regard to increasing adenosine levels in the presence of added adenosine (Fig. 11A) .
Having ruled out inhibition of ENTs as the mechanism of the guanosine-adenosine interaction, we reconsidered a possible role of CNTs because our initial experiments (Fig. 10) were performed in low-sodium buffer, i.e., N-methyl-D-glucamine replaced NaCl. However, the buffer still contained a low concentration of sodium in the form of Na 2 HPO 4 . Therefore, we examined the effects of guanosine on adenosine levels in buffer in which NaCl was replaced with N-methyl-D-glucamine and Na 2 HPO 4 was replaced with Trizma phosphate dibasic. In this nominally "no-sodium" buffer, guanosine still increased adenosine levels (Fig. 11B) . Also, simultaneous inhibition of CNTs (with no-sodium buffer), ENT1 (with NBMPR), and ENT2 (with AZT) did not mimic or inhibit the effects of guanosine on adenosine levels (Fig. 11C) , thus ruling out compensation by ENTs when CNTs were blocked and vice versa. These experiments suggest that guanosine inhibits a mechanism of adenosine disposition that is important yet unrecognized.
Comparison of the effects of extracellular guanosine, uridine, thymidine, and cytosine on extracellular adenosine levels. To determine whether other endogenous nucleosides might also regulate extracellular levels of adenosine, we compared in head-to- head experiments the ability of guanosine, uridine, thymidine, and cytosine to increase extracellular levels of adenosine, inosine, and 3=,5=-cAMP in preglomerular vascular smooth muscle cells treated with exogenous adenosine. As shown in Fig. 12A , guanosine was more potent than either uridine or cytosine with regard to increasing extracellular adenosine levels. Although guanosine and thymidine were equipotent and efficacious in their ability to increase extracellular adenosine, guanosine was unique compared with thymidine, uridine, or cytosine in causing large increases in extracellular inosine (Fig.  12B ) and increases in the signaling molecule 3=,5=-cAMP (Fig.  12C) . To confirm the effect of guanosine on inosine levels, in a separate experiment we incubated cells with inosine (3 mol/l) in the absence and presence of guanosine, uridine, thymidine, and cytidine (3, 10, and 100 mol/l) and measured inosine, hypoxanthine, xanthine, and uric acid. Although all nucleosides increased inosine, guanosine (Fig. 13A ) was 10-fold more potent than uridine (Fig. 13B) and thymidine ( Fig.  13C ) and 30-fold more potent than cytidine (Fig. 13D) . None of the nucleosides affected hypoxanthine (Fig. 13, E-H) . As expected, guanosine increased xanthine levels because guanosine is metabolized to guanine and guanine deaminase converts guanine to xanthine (22) (Fig. 14A) ; however, uridine, thymidine, and cytidine did not affect xanthine levels (Fig. 14, B-D) .
Despite causing a large increase in xanthine (precursor of uric acid), guanosine actually suppressed uric acid levels below the detection limit of our assay (Fig. 14E) . In contrast, uridine, thymidine, and cytidine increased uric acid levels (Fig. 14,  F-H) . Taken together the data suggest that guanosine is unique compared with the other nucleosides in that it potently increases extracellular levels of both adenosine and inosine and yet suppresses levels of extracellular uric acid. Comparison of the effects of extracellular guanosine on extracellular levels of adenosine, uridine, thymidine, and cytosine. Because guanosine elevates extracellular inosine levels, we considered that guanosine may also increase extracellular levels of other nucleosides. To test this, rat preglomerular vascular smooth muscle cells were incubated for 1 h without or with guanosine (30 mol/l) and without or with adenosine, uridine, thymidine, or cytidine (each at 3 mol/l). In the absence of added nucleosides, guanosine had little, if any, effect on levels of adenosine, uridine, thymidine, or cytidine; however, in the presence of nucleosides, guanosine markedly increased extracellular levels of adenosine, uridine, thymidine, and cytidine (Fig. 15, A-D) . These findings indicate that guanosine likely inhibits the disposition of not only adenosine and inosine, but also uridine, thymidine, and cytidine.
DISCUSSION
Adenosine is a ubiquitous, potent, and critically important endogenous autocrine/paracrine factor that regulates the kidneys (90), heart (66), liver (70), brain (77) , lungs (63, 92) , bladder (97, 98) , skeletal muscle (39, 61) , adipose tissue (25), autonomic nervous system (69, 93) and immune system (5, 51), protects against ischemia-reperfusion injury (16) and modulates fibrosis (7) and accelerates wound healing (21, 91) . These broad-ranging actions of adenosine are mediated by A 1 , A 2A , A 2B , and A 3 adenosine receptors (24, 45, 86) , and all four adenosine receptor subtypes are members of the 7-transmembrane spanning superfamily of G protein-coupled receptors.
Although adenosine is produced both within and outside cells, there is increasing evidence that biosynthesis of adenosine in the extracellular compartment via ecto-enzymes is the most important source of adenosine that engages cell surface receptors and thus regulates cell function (16 -18, 30 -33) . In this regard, dephosphorylation of extracellular adenosine nucleotides (both linear and cyclic) to adenosine monophosphates [AMPs; in particular 5=-AMP (16 -18, 30 -33) , but also perhaps 2=-AMP and 3=-AMP (43, 44)] followed by dephosphorylation of AMPs to adenosine is critical to the formation rate of extracellular adenosine. However, the extracellular levels of adenosine at steady state would depend not only on the production rate of adenosine in the extracellular compartment, but also on the disposition rate of adenosine from the extracellular compartment (30) . The balance of these two processes would then determine the steady-state level of adenosine in the interstitial space and therefore the degree of activation of adenosine cell-surface receptors.
Regarding the disposition of extracellular adenosine, adenosine has an ultrashort half-life (seconds to minutes) in the extracellular compartment (16) , indicating very efficient disposition mechanisms. Consequently, endogenous inhibitors of the disposition of adenosine could be a critically important mechanism controlling extracellular levels of adenosine (16) .
The results of the present study indicate that guanosine indeed is an endogenous inhibitor of adenosine disposition from the extracellular compartment. In the presence of added adenosine, guanosine profoundly increases extracellular aden- osine levels and in proportion to the concentration of added adenosine. As reported previously by others (14, 76), we too find that in the absence of added adenosine, guanosine has little effect on extracellular adenosine levels, indicating that extracellular guanosine does not drive the extracellular formation of adenosine or increase release of adenosine from cells. The only explanation for our results is that guanosine regulates the disposition of extracellular adenosine. This regulation is not mediated by guanine because guanine does not mimic the effects of guanosine, and blocking the enzyme that converts guanosine to guanine does not alter the ability of guanosine to regulate adenosine disposition. Linear guanine nucleotides are released from tissues by injurious stimuli and are metabolized by ecto-enzymes to guanosine (84) . Moreover, cGMP is transported into the extracellular compartment by members of the multidrug resistance protein (MRP) family, including MRP4, MRP5, and MRP8 (74) , and studies support the concept that extracellular cyclic nucleotides can be metabolized by ecto-phosphodiesterases to linear nucleotides (42) . Therefore, if guanosine regulates the disposition of extracellular adenosine, then so should linear and cyclic guanine nucleotides. Indeed, the present study shows that extracellular GMP and cGMP also inhibit adenosine disposition, although not as potently as guanosine, which is consistent with the concept that guanosine is the final mediator of this effect. Also consistent with this concept is that blockade of the enzyme that converts GMP to guanosine abolishes the ability of GMP to inhibit adenosine disposition.
In theory, extracellular guanosine could alter the disposition of adenosine from the extracellular compartment by blocking one or more processes involved in the removal of extracellular adenosine. One possibility in this regard is that guanosine could directly inhibit enzymes that metabolize extracellular adenosine. For example ecto-adenosine deaminase metabolizes extracellular adenosine to inosine (10, 23, 37, 54) , and it is conceivable that guanosine could block this enzyme. Another possibility is that guanosine could interfere with the transport of adenosine from the extracellular compartment to the intracellular compartment. Although adenosine is not per se permeable to cell membranes, adenosine is escorted through the cell membrane by CNTs (6, 29, 68) and ENTs (3, 50, 96), and it is conceivable that guanosine could interfere with transport of adenosine by CNTs or ENTs. A third possibility is that guanosine could block intracellular metabolism of adenosine. For example, adenosine is metabolized within cells to inosine by adenosine deaminase (16), 5=-AMP by adenosine kinase (16) and S-adenosylhomocysteine (SAH) by SAH hydrolase (13, 49, 73) . Even guanine deaminase may have activity to metabolize adenosine to inosine (35, 48) . Guanosine in theory could block any of these enzymes.
The results of the present study rule out the involvement of adenosine kinase, SAH hydrolase, guanine deaminase, ENT1, ENT2, and CNTs in the interaction between extracellular guanosine and extracellular adenosine. Although pentostatin, which is considered a potent adenosine deaminase inhibitor (60) , mimics and blocks the effects of extracellular guanosine on extracellular adenosine levels, it is unlikely that this is related to adenosine deaminase because erythro-9-(2-hydroxy-3-nonyl)-adenine, also an inhibitor of adenosine deaminase, does not alter the interaction between extracellular guanosine and extracellular adenosine. Moreover, extracellular guanosine increases both extracellular adenosine and inosine levels, which rules out any involvement of adenosine deaminase in the interaction. The fact that extracellular guanosine also blocks the disposition of extracellular uridine, thymidine, and cytidine argues against a mechanism of action involving inhibition of metabolism because guanosine would have to inhibit simultaneously the metabolism of inosine, uridine, thymidine, and cytidine, which seems unlikely.
Because our exhaustive experiments appear to rule out all known likely possibilities by which extracellular guanosine could reduce the disposition of extracellular adenosine, we hypothesize that extracellular guanosine decreases the disposition of extracellular adenosine by inhibiting a transporter or transporters not previously recognized as importantly regulating extracellular adenosine, inosine, uridine, thymidine, and cytidine. Inasmuch as ϳ2,000 genes in the human genome code for transporters or transporter-related proteins this hypothesis is not unreasonable.
An important issue is whether endogenous extracellular guanosine reaches significant concentrations to inhibit the disposition of extracellular adenosine. Cardiac microdialysis studies in pigs show that myocardial ischemia increases interstitial levels of guanosine to ϳ10 mol/l (89). This is clearly within the range necessary for guanosine to modulate adenosine disposition from the extracellular compartment. Our current findings further support the conclusion that endogenous extracellular guanosine regulates extracellular adenosine disposition. In this regard, the metabolic poison, iodoacetate, increases both extracellular guanosine and adenosine, and the ability of iodoacetate to increase extracellular adenosine is augmented when guanosine metabolism is inhibited and attenuated when guanosine metabolism is increased.
Another important issue is whether endogenous extracellular guanosine inhibits the disposition of extracellular adenosine in a wide range of cells, or only in selected cell types. The studies presented here indicate that extracellular guanosine inhibits extracellular adenosine disposition in eight different cell types, including both rat and human cells. Thus, although the concentration of extracellular guanosine required to modulate extracellular adenosine disposition varies according to the cell type, the mechanism seems to exist generally. An exception is mouse cortical neurons, which we observed removed extracellular adenosine only slowly and by a process not inhibited by guanosine (data not shown).
It is conceivable that extracellular uridine, thymidine, and cytosine, like extracellular guanosine, also regulate the disposition of extracellular adenosine. Our head-to-head comparison of the four nucleosides indicates that guanosine is considerably more potent than cytidine, somewhat more potent than uridine, and equipotent with thymidine with regard to attenuating the disposition of extracellular adenosine. From a physiological perspective, however, whether uridine and thymidine are as important as guanosine with regard to regulating extracellular levels of adenosine depends on whether cell injury increases extracellular levels of uridine or thymidine as much as guanosine. Our experiments show that cell injury with iodoacetate increases extracellular guanosine levels approximately twofold more than extracellular adenosine, indicating robust increases in extracellular guanosine with injury. Moreover, experiments with iodoacetate show that removing extracellular guanosine from the medium of injured cells nearly abolishes injury-induced increases in extracellular adenosine. This would imply that the other nucleosides play little, if any, role, either because they are not released sufficiently by cell injury or have insufficient efficacy or some combination of these factors. Indeed, we observe that in rat preglomerular vascular smooth muscle cells in culture, cell injury releases predominantly guanosine. However, it is likely that under different conditions (cell types, modes of injury) other nucleosides are released and may contribute to the modulation of extracellular adenosine levels. Another striking difference between guanosine versus uridine, cytidine, and thymidine is that guanosine causes a remarkable increase in extracellular inosine, whereas uridine, cytidine, and thymidine do not.
Because guanosine is metabolized to guanine and guanine is converted to xanthine by guanine deaminase (22) , it is not surprising that our experiments show that extracellular guanosine increases extracellular xanthine. What is surprising is that despite the large increase in xanthine levels, extracellular guanosine suppresses levels of uric acid. In contrast, uridine, thymidine, and cytidine increase extracellular uric acid levels. This suggests that guanosine inhibits xanthine oxidase, but additional experiments are required to corroborate this hypothesis.
In conclusion, taken together, our results suggest a unique physiological role for extracellular guanosine. Cell injury increases extracellular guanosine, and extracellular guanosine elevates adenosine and inosine, while decreasing uric acid. Importantly, adenosine is antiinflammatory (27, 55) , as is inosine (59) , which also binds to and stimulates adenosine receptors (34, 38, 67, 81) . Moreover, uric acid is proinflammatory (46, 75) . By increasing adenosine and inosine and reducing uric acid, guanosine may protect tissues/organs against injury. This hypothesis is consistent with the fact that exogenous guanosine protects kidneys from ischemia-reperfusion injury (47) . Our results suggest that the protective effects of guanosine should be examined in a wide range of animal models of inflammation and tissue/organ injury and ultimately in humans.
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